An adult male rhesus monkey (Macaca mulatta) developed clinical signs of severe osteomyelitis of the left femur 42 days after onset of enteritis. Salmonella sp. were cultured from feces, blood, and femoral lesions. Response to antibiotic therapy was poor, and the animal was euthanized. The left femur, with pathologic fracture and involucrum, and the right femur, tibia and fibula were most severely affected. Additionally hepatic microgranulomas, mild tubulointerstitial nephritis, medullary histiocytosis and erythrophagocytosis in the lymph nodes, and a mild colitis were diagnosed microscopically. The seventy of the disease and serum electrophoresis findings were suggestive of lowered resistance to the organism, possibly due to anemia or polychlorinated biphenyl toxicosis.
There are few reports of osteomyelitis in nonhuman primates. Most cases have been secondary to dental d i~e a s e ,~J~ but skeletal involvement with tuberc~losis,~ coccidioidomycosis8 and Pseudomonas pseudomallei infection^^,^^^^ have also been reported. Osteomyelitis has been noted in our colony in association with fractures or fight wounds.
In man the more common pathogens of osteomyelitis are hemolytic Staphylococcus species (60-70%), and Streptococcus species ( 15-20Y0).~~ Salmonella species cause less than 1% of the cases. 28 While Salmonella species are associated with enterocolitis of nonhuman primates, their association with osteomyelitis is uncommon. This is the only reported case of Salmonella osteomyelitis of hematogenous origin in a rhesus monkey.
Clinical History
The subject was a 5'h-year-old male, laboratory born, rhesus monkey (Macaca mulatta). He was housed in a ten monkey peer group in a pen that was 1.2 by 1.5 m with an adjoining outdoor pen of 1.2 by 6.1 m. The building which housed this monkey was known to contain polychlorinated biphenyl in the paint and concrete."
This monkey's initial clinical event was severe watery diarrhea. He was hypothermic, lethargic, and dehydrated. Blood chemical and hematological changes were consistent with a degenerative left shift, hyperproteinemia, and azotemia. Escherichia coli and Group B Salmonella were cultured from the feces and were found to be sensitive to a variety of antibiotics. The animal was treated with ampicillin (Polyflex, Bristol Laboratories, Syracuse, NY), gentamicin sulfate (Gentavet, Burns-Biotic Laboratories, Omaha, NE) and Lactated Ringer's Injection (Abbott Laboratories, North Chicago, IL). The diarrhea persisted for approximately 30 days. However, additional fecal cultures on days 1 1 and 16 yielded no Salmonella organisms. Fecal examination conducted on day 30 was negative for intestinal parasites.
On day 42 after the onset of illness, the left leg was swollen, particularly on the medial aspect of the knee. The swelling was fluctuant, and the animal had fever (103 F). A yellow purulent exudate was drained from the swelling and cultured for bacteria. A pure culture of Group B Salmonella was isolated from the exudate. Radiographs were taken. The left femur had a pathologic fracture of the distal metaphysis with lateral displacement of the femoral condyles. An irregular translucent area, measuring 0.5 by 1.5 cm, and an oblique, pathologic fracture were seen in the proximal metaphysis. The bone shaft between the two pathologic fractures had increased radiodensity suggestive of sequestrum. The femur was stabilized by an involucrum extending and surrounding the length of the sequestered shaft. These radiographic findings were consistent with chronic active osteomyelitis. The leg was debrided on the medial and lateral aspects to establish drainage of the purulent exudate.
On day 56, due to lack of improvement, an indwelling catheter was placed in the right femoral vein to permit continuous infusion of antibiotics. A pure culture of Salmonella was isolated again from the sinus tracts draining from the left femur and remained sensitive to all antibiotics tested; chloramphenicol sodium succinate (Chloromycetin Sodium Succinate, Parke-Davis, Morris Plains, NJ) was used for intravenous infusion.
On day 59 a pure culture of Salmonella was isolated from the blood. The infused antibiotic was changed to gentamicin sulfate on day 60 through day 77. Repeat radiographs showed no evidence of improvement.
On day 74, a sinus tract was found just distal to the right knee. Avulsion of the tibia1 crest and a pathologic epiphyseal fracture of the proximal tibia were noted radiographically.
From days 10 to 78, at which time the monkey was euthanized, he was persistently anemic (1 6-32%) and hypoproteinemic (4.2-5.6 g/dl). Absolute numbers of neutrophils ranged from 3,750 to 14,094; absolute numbers of bands ranged from 174 to 7 14. Blood urea nitrogen and creatinine remained within normal ranges. Urine specific gravities were always low (1.005-1 . O 12), and a trace of protein in the urine was noted usually. Occasional epithelial cells were noted on microscopic examination of the urine.
Retrospectively, serum electrophoresis was done on frozen serum samples from this monkey and four healthy agematched rhesus monkeys. The only obtainable serum from the monkey with osteomyelitis was a sample taken 4 months prior to the onset of clinical illness. Although both total serum protein (6.3 g/dl) and total serum globulin protein (2.39 g/dl) for this monkey were within the 95% confidence interval for the control sera, the absolute value (0.62 g/dl) of the gamma electrophoretic zone was lower than the 95% confidence interval (0.76 to 0.90 g/dl) for the control sera.
Results
Immediately following euthanasia, a thorough necropsy was done. The monkey was extremely emaciated. The entire proximal portion of the left leg extending to a point 5 cm distal to the knee was enlarged to approximately twice normal size. The left femur was increased in diameter by 50% to 100%. Fibrous tissue was tightly adhered to the involucrum around the femoral shaft. Purulent exudate drained from the posterior aspect of the femur through two cloacae in the involucrum. One cloaca, measuring 0.5 cm in diameter, was located midshaft and the second, approximately 1.5 cm in diameter, was just proximal to the femoral condyles. Sinus tracts extended from the cloacae and branched throughout the highly vascular granulation tissue around the femur. This mass of granulation tissue had almost entirely replaced the thigh muscles, extended the length of the femur, and had a maximum diameter of 7 cm. The purulent exudate drained from the distal aspect of two surgically debrided areas already described. The articular cartilage of the left distal femur and left proximal tibia was eroded.
The right leg was moderately enlarged in the region of the knee, and a sinus tract draining purulent exudate was present just distal to the medial aspect of the knee. There were pathologic fractures of the tibial crest and proximal tibial epiphysis. Purulent exudate was present within the joint capsule of the right knee, and the articular cartilage of the right proximal tibia was eroded.
The inguinal, iliac and sublumbar lymph nodes were enlarged and yellow. No gross lesions were seen in other organs.
Following gross examination, tissues from all major organs were immersion fixed in 10% neutral buffered formalin and routinely prepared for microscopic examination.
Bacteriologic cultures were taken from heart blood, liver, kidney, spleen, lung, and feces. Only the fecal culture yielded bacterial colonies, E. coli and Salmonella species, after 72 hours of incubation. The Salmonella isolate was serotyped at the National Veterinary Services Laboratory at Ames, Iowa as typhimurium-according to Centers for Disease Control the correct nomenclature of this organism is Salmonella choleraesuis subspecies choleraesuis serotype typhimurium. However, to avoid confusion Centers for Disease Control usually reports the organism as Salmonella serotype typhimurium.
The skeleton was immersed in water for approximately 6 months until all flesh was deteriorated. Then the skeleton was cleaned and dried. All ribs had enlarged, cupped costochondral junctions. There were pronounced osteophytes on the first ribs. Vertebrae T2 through S2 had porous ventral bodies and slight osteophytic development along the cranial and caudal ventral margins. The clavicles were cupped on the proximal ends, and there was a 1.5 cm2 cloaca just posterior to each conoid tubercule. The humeri had mild periosteal erosion extending from the deltoid insertion to the triceps insertion. There was slight periosteal erosion of the distal diaphyses of the radii. The distal epiphyses of the radii and ulnae were not fused. The right femur was eroded on the posterior surface of the medial epicondyle and on the anterior surface of the lateral epicondyle. There was marked degeneration of the distal metaphysis of the right femur (Fig.  1) . The distal metaphysis of the left femur was completely eroded (Fig. 2) . Although the femoral shaft was separate from the epicondyles, the femur was stabilized by an extensive lacy network of periosteal new bone development and callous formation extending from the greater trochanter to the femoral epicondyles (Figs. 1, 2). The cortex of the femoral shaft was eroded. The medullary cavity was no longer visible radiographically. The proximal epiphyses of both tibiae were not fused. One-quarter of the anterior cortex of the proximal right tibia was eroded and the distal cortex was discolored. The left tibial cortex was resorbed at the proximal and distal ends of the shaft. Radiographically, the medullary cavity was 40% of its normal diameter. Neither proximal epiphyses of the fibulae were fused. The right fibular cortex was resorbed at the proximal metaphysis, and the proximal epiphysis was eroded completely. No skeletal sections were taken so the skeleton could be preserved for future study.
The colon had occasional crypt abscesses. The microscopic appearance varied from accumulations of a few neutrophils within the crypt lumen to moderately sized cysts lined by attenuated or no epithelium, containing necrotic cells and occasional neutrophils within the center. Basally the crypt epithelium was hyperplastic with occasional branching of crypts. The lamina propria was mildly edematous, had occasional, small focal areas of fibrosis, and was infiltrated diffusely with small to moderate numbers of plasma cells and lesser numbers of macrophages and lymphocytes. Occasional shallow erosions also were seen in the colonic mucosa. The erosions were V-shaped and contained small numbers of amoebae and numerous rod-shaped, gram-negative bacteria. Within the lamina propria around the periphery of a few erosions were moderate numbers of macrophages and lymphocytes. Moderate numbers of amoebae were present in the colonic lumen, and an occasional singular organism with no accompanying inflammatory infiltrate was seen in a colonic crypt or in the lamina propria. These amoebae were presumed to be Entamoeba histolytica since some of the organisms contained red blood cells, and erythrophagocytosis is characteristic of Entamoeba histolytica. 17, 30 The inguinal lymph nodes had dilated medullary and subcapsular sinuses containing moderate numbers of macrophages laden with hemosiderin and/or erythrocytes. Sections of other lymph nodes had similar but less severe changes. In general the follicles of all lymph nodes were large in diameter and composed of loosely arranged small lymphocytes; germinal centers were rare. The paracortical areas of all lymph nodes were moderately to severely depleted of lymphocytes.
The spleen contained moderate numbers of variably sized follicles. The larger follicles had hyalinized germinal centers, which were negative for amyloid with a Congo red stain and contained small numbers of large mononuclear cells and necrotic cells. The lymphocytes around the periphery of the hyalinized centers were small, loosely arranged, and accounted for less than half of the diameter of the follicles. Smaller follicles with no germinal centers were composed of loosely arranged, small lymphocytes. The peri-arteriolar lymphocytes were moderately to severely depleted. The red pulp contained moderate numbers of neutrophils within the sinuses. Hemosiderosis was mild.
In the kidney there was a mild, diffuse, acute tubular epithelial necrosis which was most severe in proximal tubules but also affected segments of virtually all tubules. The cytoplasm of affected cells was highly eosinophilic, and nuclei were pyknotic or karyolytic. Small numbers of scattered tubules were lined by a few attenuated epithelial cells. Occasional groups of tubules located primarily within medullary rays contained hyperplastic and/or hypertrophic epithelium, indicative of regenerative attempts. Most tubules contained variable amounts of amorphous eosinophilic material and occasional protein casts. Small numbers of other tubules contained sloughed epithelial cells or large clumps of neutrophils. Rare hyaline droplets were found in viable tubular epithelial cells. Glomeruli appeared normal. The cortical interstitium contained multiple, diffuse infiltrates and occasional small nodules composed of small to moderate numbers of lymphocytes and small numbers of plasma cells and histiocytes. The renal medulla showed mild tubular dilation and mild to moderate diffuse interstitial edema. The renal pelvis and urinary bladder had no histologic abnormalities.
Rare microgranulomas were seen in the liver in midzonal locations; they contained primarily macrophages with occasional lymphocytes or neutrophils.
A section of the left rectus femoris muscle near the patellar insertion contained a 1 mm diameter sinus tract encircled by fibrin and fibrous connective tissue. The few remaining muscle fibers were fragmented with loss of striations and proliferation of sarcolemmal nuclei. There was extensive neovascularizaton and infiltrates of neutrophils and hemosiderin-laden macrophages within the connective tissue.
There were no significant histopathologic lesions in other tissues.
Discussion
Salmonella is a relatively common enteric pathogen in recently imported nonhuman primates. Morbidity ranges from 0-6O/0~~ but decreases to 3% among conditioned animals. I 3 The usual presentation of salmonellosis in Old World monkeys is an ileocolitis characterized by soft to watery feces which often contain mucus and occasionally small amounts of blood. With supportive fluid and antibiotic therapy the animals usually recover within several days. The Salmonella serotypes which cause simian gastroenteritis belong mainly to groups B, C, D, and E. Salmonella serotype enteritidis, Salmonella serotype Stanley, and Salmonella serotype typhimurium are the most pathogenic for simians.*O Typhoid fever has never been reported as a naturally occurring disease in simians, and in general, paratyphoid fever and bacterial food poisoning are not common
The invasive properties of Salmonella are well known. The organisms penetrate the epithelium of the distal ileum and colon and multiply in the lamina propria. This type of inflammatory response is usually characteristic for certain serotypes and is responsible for either intestinal containment of the organisms or for spreading them to the reticuloendothelial system. Apparently polymorphonuclear phagocytes usually effectively eliminate Salmonella thus impeding penetration to the lymphatics or capillarie~.'~ However, if the inflammatory response consists of mononuclear phagocytes, as seen with Salmonella serotype typhi in man, spread of the bacilli is thought to occur from the gut to the blood by way of the reticuloendothelial system. l5 Rhesus monkeys infected experimentally with Salmonella serotype typhimurium (Strain TML) were necropsied 48-72 hours later when diamhea was at its peak. 27 The inflammatory response consisted of polymorphonuclear cells in the lamina propria of the ileum and colon. Convalescent monkeys necropsied 10 to 14 days postinfection had no histologic abnormalities although Salmonella were present in feces. 26 In another experiment rhesus monkeys were infected with a comparable dose of Salmonella serotype typhimurium (Strain W118). The inflammatory reaction 1-2 days postinfection was characterized by polymorphonuclear infiltration in the mucosa of the ileum and colon. One animal that died 4 days after infection had fewer acute inflammatory cells, but the colonic mucosa was infiltrated densely with histiocytes. At 7 days the colonic lamina propria of two animals contained mostly chronic inflammatory cells. Mesenteric lymph nodes had variable degrees of sinus histiocytosis but no areas of necrosis. None of the animals had lesions in the spleen, liver, or bone marrow.2o In another study, rhesus monkeys infected with Salmonella serotype typhimurium (Strain W 1 18) developed ileocolitis, and Salmonella were cultured from the regional lymph nodes, spleen, and liver but not from blood.21 From the above reports it seems that the initial inflammatory response in rhesus monkeys is by polymorphonuclear cells, and that if the infection is brought under control, the animals recover. In chronic cases histiocytic responses are seen and dissemination to the reticuloendothelial system may occur. Subsequently, the organisms may spread to the blood and other organs. However, in nonhuman primates Salmonella serotype typhimurium only rarely cause morphologic lesions in organs other than gut and mesenteric lymph nodes.
The mild colitis in this case may be due to a combination of Entamoeba histolytica, Salmonella serotype typhimurium, and possibly E. coli. The foci of mild fibrosis in the lamina propria may represent healed lesions produced by the initial Salmonella enterocolitis.
In human beings hematogenous Salmonella results in localization of the organisms in various organs.26 It appears in this case that the Salmonella may have localized in the interstitium of the kidney through hematogenous dissemination and resulted in a chronic tubulointerstitial nephritis. Results of urine analyses and lack of microscopic lesions in the renal pelvis and urinary bladder suggest that the renal lesions did not result from an ascending urinary tract infection. A mild, acute tubular necrosis with regeneration was seen in addition to the chronic tubulointerstitial nephritis. Due to lack of radiographic improvement of the left femoral lesions and a Salmonella bacteremia, this monkey received therapeutic doses of gentamicin during the last 18 days of the clinical course. Although the acute tubular necrosis was milder than that described in dogs receiving nephrotoxic doses of gentamicin for 10 days,31 the microscopic lesions in the dogs and this monkey were similar. The bactericidal action of gentamicin causes endotoxin release from bacteria such as Salmonella. It is probable that this monkey developed an endotoxemia during gentamicin therapy since blood cultures taken subsequently were negative for Salmonella. It has been suggested that endotoxemia enhances the nephrotoxic effects of gentamicin in Therefore, the tubular necrosis may have been caused by the interactive effects of Salmonella endotoxins and therapeutic doses of gentamicin.
The hepatic microgranulomas and medullary histiocytosis and erythrophagocytosis in the lymph nodes were consistent with lesions seen in salmonellosis in man. 26 The large follicles in the lymph nodes and spleen had the morphologic appearance of reactive hyperplasia and subsequent depletion.
It is of interest to compare this case with Salmonella osteomyelitis in man with respect to distribution of lesions and pathogenesis. While Salmonella serotype typhimurium is considered to be of intermediate virulence in man,28 the bacilli are more pathogenic in infants than in other age groups. Infants less than 3 months of age have a higher occurrence of secondary bacteremia and localization in other organs following Salmonella gastroenteritis. The more frequent occurrence of bacteremia in infants may be due to an incompetent immune system in the lamina p r~p r i a .~ In other age groups, Salmonella serotype typhimurium is the principal serotype responsible for gastroenteritis, but rarely does a bacteremia occur. With or without antibiotic treatment the enteric disease is often selflimiting and runs a course of 1-4 days. However, in individuals with underlying disease processes such as lupus erythematosus, malignancy, diabetes, trauma, and especially sickle cell anemia, Salmonella serotype typhimurium bacteremia is more common.36 Although the route of entry is oral, there may be no symptoms of gastroenteritis. In approximately 8% of Salmonella bacteremias, the bacilli localize in extraintestinal sites,5 but it may be weeks to years before symptoms of osteomyelitis become evident. Such symptoms may be transient or recurrent without antibiotic therapy. In properly diagnosed and treated individuals, antibiotic therapy is generally successful and relapses less common.
When Salmonella osteomyelitis occurs secondary to gastroenteritis in human children or adolescents, symptoms of osteomyelitis may not be apparent for several weeks to several months following enteric disease. l 2 In this monkey, clinical evidence of osteomyelitis was apparent approximately one month following gastroenteritis. It was speculated whether osteomyelitis preceded the intestinal disease or vice versa. Several epiphyseal plates were unfused in this monkey at necropsy. Of these unfused epiphyses, only the proximal fibular epiphyses should have been fused by 5% years of age. 35 Therefore, it may be that the bacteria were present in the fibulae for some time prior to the gastroenteritis.
Conversely, it seems possible that the bone lesions present could have developed within the time period between enteric disease onset and euthanasia. Bone lesions tend to be more severe when they develop soon after acute intestinal infection in humans,12 and in this case the time interval was short and the lesions unusually severe.
Salmonella osteomyelitis lesions have a characteristic pattern of distribution in man; lesions usually begin in the diaphysis and epiphysis of the bone4 in contrast to staphylococcal and streptococcal infections which usually originate in the metaphysis.12 These pyogenic organisms enter the metaphysis through a nutrient artery and extend laterally along haversian canals to the medullary cavity and to the subperiosteal surface.32 Pressure necrosis leads to sequestrum and involucrum. The mechanism by which Salmonella infections originate in the epiphysis and diaphysis has not been addressed in the literature. Any bony structure can be involved in Salmonella osteomyelitis, and unlike osteomyelitis due to other organisms, multiple bone lesions occur in approximately 15% of the cases. The long bones, especially the proximal humerus, proximal tibia, and distal femur, are the most frequent sites of localization. The chondrosternal junctions and vertebrae are less often involved.'2 In adults, initial infection of the vertebrae can occur in either the neural arch and its appendages or the centrum, but the lesions may escape detection until a radiographc abnormality develops. The earliest radiographic change is a narrowing of the intervertebral space.5 The most severe gross lesions in this monkey involved the distal femora and proximal tibiae. The humeri had mild periosteal erosions. While the chondrosternal junctions were not involved macroscopically, the costochondral junctions were cupped. The bodies of vertebrae T2 through S2 had lesions. This monkey had an unusually wide distribution of bone lesions, similar in site to those reported as susceptible to Salmonella osteomyelitis in man. Although Group B Salmonella, which includes Salmonella serotype typhimurium, were cultured from only one of the skeletal sites (left femur), we speculate that the additional bone lesions are due to the organism based on documented Salmonella bacteremia and the later occurrence of purulent osteomyelitis in the right tibia and fibula.
In man, Salmonella osteomyelitis, with or without underlying disease, is often subacute and usually responds to antibiotic Compared to staphylococcal or streptococcal infection, the bone destruction by Salmonella is less severe and the bones are likely to repair completely in a shorter time.I2 In contrast to gram positive infections, surgical intervention is required rarely in Salmonella osteomyelitis. This is true especially for infants. Although infants have wide vascular spaces and a thin cortex permitting rapid spread of the organisms and extensive bony destruction, repair with little residual deformity is also rapid. Anatomical features which aid decompression and thus prevent pressure necrosis and sequestrum formation may account for the favorable clinical course of inf a n t~.~ The dissemination and persistence of infection, despite appropriate antibiotic therapy, suggests that this animal might have had lowered resistance to Salmonella. Factors which may have contributed to lowered resistance therefore should be considered.
One such factor may have been anemia. In mice, experimentally induced anemias caused higher and more rapid mortality following inoculation with Salmonella. I9 Also, the anemia associated with hemaglobinopathies of man is thought to increase susceptibility to the development of extraintestinal Salmonella lesions, especially oste~myelitis.~~ Within 10 days after the onset of clinical signs this monkey was anemic (hematocrit 19%) and remained so for the remainder of his life. This may have been due to the histologic observation of erythrophagocytosis within lymph nodes which is a documented sequela to some Salmonella infections in man. 28 The mechanism by which anemia increases susceptibility to Salmonella infection is poorly understood.
A second possible factor is immunosuppression. This monkey's gamma electrophoretic zone contained lower levels of protein than age-matched controls prior to onset of clinical illness. In addition, total serum globulin on day 27 (2.4 g/dl) was not elevated above the value obtained prior to clinical onset, and total serum protein values were depressed throughout his illness. Animals with chronic infection normally respond with an increase in serum globulin values thereby increasing total serum proteins.22 Therefore, it seems that this monkey was incapable of mounting a normal immune response against the Salmonella infection.
Although this monkey had no microscopic lesions indicative of polychlorinated biphenyl toxicosis, it is a possible cause of immunosuppression. In 1976, 225 ppm of polychlorinated biphenyls were found in the paint and concrete of the building where this animal was housed.]' Although the building has since been sanded and repainted, a rhesus monkey born in 198 1 who lived in the building died recently with gross and histopathologic lesions consistent with polychlorinated biphenyl toxicosis. In young rhesus monkeys exposed to polychlorinated biphenyls, thymic cortical depletion is documented. 16, 24 In addition, bone marrow hypocell~larity~~~~ and mandibular osteomy-elitis3 are among the clinical findings in adult rhesus monkeys. An experimental study in Macaca fascicularis resulted in decreased production of anti-sheep red blood cell antibodies and IgG antibodies following exposure to polychlorinated biphenyls. l4 Although immunosuppressant effects have been documented in monkeys only with doses sufficient to produce clinical signs, a study in mice exposed to subclinical doses did show decreased resistance to Salmonella serotype typ h i r n u r i~m .~~ Tissue levels of polychlorinated biphenyls were not determined in this case. Therefore, it can only be speculated that polychlorinated biphenyl toxicosis contributed to the unfavorable outcome of this monkey.
